Stair Wagon to Heaven

A Senior Project
presented to
the Faculty of the Biomedical Engineering Department
California Polytechnic State University – San Luis Obispo

In Partial Fulfillment
of the Requirements for the Degree
Bachelor of Science
By
Maria Cristina Andrade, Nick Dion, and Alexander Pham
June, 2021

© 2021 Maria Cristina Andrade, Nick Dion, and Alexander Pham

Table of Contents

1 Executive Summary ...................................................................................................................... 2
2 Introduction.................................................................................................................................... 3
3 Background.................................................................................................................................... 3
3.1 Product Summary.......................................................................................................... 3
3.2 Relevant Literature........................................................................................................4
4 Project Management...................................................................................................................... 6
5 Indications for Use ........................................................................................................................ 9
6 Budget ............................................................................................................................................ 10
7 Customer Requirements ............................................................................................................... 12
8 Specification Development ........................................................................................................... 13
9 Intellectual Property Assessment................................................................................................. 15
10 Morphology ................................................................................................................................. 16
11 Concept Evaluation ..................................................................................................................... 17
11.1 Individual Design Sketches ........................................................................................ 17
11.2 Leading Concept ......................................................................................................... 19
12 Conceptual Model ....................................................................................................................... 21
12.1 Description ................................................................................................................... 21
12.2 Analysis ........................................................................................................................ 24
12.3 What We Learned ....................................................................................................... 24
12.4 Future Developments .................................................................................................. 25
13 Detailed Design............................................................................................................................. 26
13.1 Introduction ................................................................................................................. 26
13.2 Inner Frame .................................................................................................................27
13.3 Outer Frame ................................................................................................................ 28
13.4 Motor ............................................................................................................................28
13.5 Battery ..........................................................................................................................28
13.6 Gear Box....................................................................................................................... 29
13.7 Steering System............................................................................................................ 29
13.8 Braking System............................................................................................................ 30
13.9 Stair Climbing Wheels ................................................................................................31
14 Prototype Manufacturing Guide ............................................................................................... 34
14.1 Description ................................................................................................................... 34
14.2 Stability System ........................................................................................................... 34
14.3 Power Train ................................................................................................................. 35
14.4 Rear Axle ..................................................................................................................... 37
14.5 Front Axle .................................................................................................................... 38
15 Testing …...................................................................................................................................... 40
15.1 Test Plan .......................................................................................................................40
15.2 Test Protocols ...............................................................................................................41
15.3 Test Data and Analysis................................................................................................ 50
16 Instructions for Use .....................................................................................................................59
17 Discussion ………….....................................................................................................................61
17.1 What Worked (Eventually) ........................................................................................ 61
17.2 What Didn’t Work/Limitations.................................................................................. 65
18 Conclusion ………....................................................................................................................... 66
19 References .................................................................................................................................... 67
20 Appendix ...................................................................................................................................... 68

1

1

Executive Summary

Our design process began with developing a list of questions for our sponsor based on the
problem statement we were provided. We took these questions to interview our sponsor with.
From this interview, we derived a series of customer requirements, which were then used to
develop our more specific engineering specifications (Table 8.1). We used these engineering
specifications to develop a design morphology. Each of our group mates used the concepts from
our design morphology to develop their own full concept sketches. We used Pugh charts to
compare the different aspects of each design. The designs were compared based off their
effectiveness to achieve the customer requirements and engineering specifications. The highest
scoring conceptual design was chosen to be developed further into our first prototype. We
developed this prototype design using SolidWorks to better visualize our final design. Once the
first prototype design was finished in SolidWorks, we planned out our manufacturing plans and
bought the materials to build our prototype. Throughout the build process, several dimensional
and manufacturing changes were made to our design in order to optimize its performance.
Of the engineering specifications that we developed during our design process, the most
important include the wagon’s maximum volume and weight capacity, the wagon’s ability to
collapse, the amount of force required to move the wagon up and down stairs, the wagon’s
turning radius, and the user ergonomics. Meeting these specifications as described in Table 8.1
would ensure our wagon would be easy and convenient to use for the user.
After a full wagon prototype had been created, we began performing user and functionality
testing. Our wagon was able to carry the required 30lbs with little deformation to all parts. The
only susceptible parts were the elbows, which had a maximum tilt of 5.7deg, and the basket
platform, which hung under the outer frame no more than 1.1in. In its folded state the wagon is
able to collapse from a 19in height to a 12in height, which allows it to fit in most car trunks.
When the Stair Wagon was first put on the Engineering IV (building 192) staircase, the tri-star
wheels were not tall enough to prevent the forward axle from scrapping the stairs. After this
realization, we changed the testing site to the Engineering East (Building 20) staircase, which
had a shorter step height (5.25in) than the Engineering IV steps (6in). The handle placement and
shape caused the wagon to fail the Ergonomics Test; all spine angles were greater while using
the wagon than carrying the cargo with a traditional basket. The user interface was intuitive, with
all participants grasping the mechanisms within the first two trails and completing the first trail
in less than the Target Value. Our Stair Wagon was able to succeed in most of the tests we
outlined, and if it failed, we fixed it or made plans to fix it for future prototypes.
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Introduction

The contents of this report will serve as an overview of our final prototype design and
documentation for our prototype testing. A brief review of our Statement of Work, which
comprises of the background of our project, project management, indications for use, budget,
customer requirements, specification development, and intellectual property assessment will be
accompanied with a summary of any components that may have changed. Then a review of our
morphology table, concept sketches, and our first conceptual model will follow. Also included
are our detailed design, prototype manufacturing plans, and test plans. SolidWorks images will
accompany the descriptions of our detailed design and prototype manufacturing plan for ease of
understanding. The report will conclude with our a discussion of the effectiveness of our final
prototype and how we plan on optimizing our design.
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Background

Our team was tasked with creating a wagon, henceforth referred to as “Stair Wagon” and
“wagon,” that can safely transport cargo across flat ground and up and down stairs. The
stakeholders that will aid in the development of such a device are our sponsor, Dr. Dimitri
Delagrammaticas, and California Polytechnic State University, San Luis Obispo. The goals of
this project are to make a functioning prototype that can transition from flat to ascending stairs
and vice versa and from flat to descending stairs and vice versa without comprising the
ergonomic benefits of using a conventional wagon.
3.1 Product Summary
The necessity of this product stems from a high incidence of injury and property damage that
occurs when individuals attempt to transport large loads on a staircase. While conventional
wagons provide a mechanical advantage for transporting large loads on even terrain, no such
product effectively achieves this on stairs.
After speaking with our sponsor, three main goals of the deliverable were identified: the Stair
Wagon should be practical, adaptable, and reliable. In terms of practicality, portability and
convenience were described as critical aspects. Since this Stair Wagon will cater to families and
middle-aged adults in transporting cargo on a daily basis, it should be collapsible for easy storage
and transport when not in use. Costco’s utility wagon (Mac Sports Folding Wagon with Cargo
Net), shown in Figure 2.1, was referenced as an ideal benchmark since it can fold up to fit in the
trunk of a car. Convenience also implies that the product should be affordable.
With regards to adaptability, the Stair Wagon must function properly on a wide range of staircase
geometries and dimensions. This means that the height and width of each step is a nonfactor
during standard use. Additionally, the Stair Wagon should have a high degree of maneuverability
for use in tight corners, such as the intermediate platform in a stairwell.
To address reliability, the Stair Wagon should be both safe and simple. Since it is intended to
prevent injury and property damage, it must be stable. This means that even when no force is
3

applied it shall remain stationary on the staircase. Simplicity means that the Stair Wagon requires
minimal maintenance and is highly resistant to failure.
3.2 Relevant Literature
To support the necessity for a Stair Wagon, preliminary research of relevant technical and
medical literature was reviewed. A study published in 2018 titled “Stair-related injuries treated
in United States Emergency Department” found that an average of almost 1.1 million Americans
are treated in the ER annually as a result of a stair related injuries. The vast majority of these
injuries, nearly 68%, occur in people between the age of 11 and 60 years old (Blazewick et
al.). Not only are these injuries occurring most commonly in middle-aged adults, but they are
also increasing on average from year to year. This underscores the need for a device that can
assist an individual in transporting supplies such as groceries, luggage, or laundry up and down a
staircase.
When addressing this challenge, the vast majority of innovators turn to the tri-star wheel design
(Mallofusa Pair of Replacement Stair Climbing Shopping Cart Wheels). According to “Design
and Fabrication of Motorized Staircase Climbing Trolley”, published in the International
Journal of Applied Engineering Research, this design was first developed in 1967 by Lockheed
Aircraft corporation during the research of an amphibious military vehicle. The tri-star design is
described as three tires, each mounted to a separate shaft where the shafts are located at the
vertices of an equilateral triangle. The three shafts are geared to a fourth, central shaft, to which a
motor may be attached (Sanjeeva Kumar et al.). The tri-star design relies on the diameter of
the wheels to be large enough to reach over the step. The paper notes that a stepper motor
is typically the best option due to its precision with incremental movement and its high degree
of reliability. Based on the extensive use of the tri-star wheel in stair climbing operations, it will
be heavily considered in development of our final product.
Research has also been published on the efficacy of stair climbing modifications for
a wheelchair as recently as November of 2020. Aspects of this device may be useful in our
development. The Medical Engineering & Physics journal published a paper titled “proof-ofconcept of a stair-climbing add-on device for wheelchairs”. The paper explored a Y-wheel
mechanism, commonly used in load carriers, and developed upon it with a new hex wheel
design. The Hex wheel design utilized a total of 6 wheels that could rotate independently and
were attached at a central axis (Prajapat et al.). This provided a more ergonomic experience for
the user by allowing the device to more closely track the contour of the steps. A sprocket and
chain were also implemented to provide a mechanical advantage for someone assisting the user
of the wheelchair. This paper underscores the need to experiment with different wheel
geometries and gearing ratios to achieve the greatest mechanical advantage in our design.
Another journal article, titled “Electric-powered wheelchair with stair-climbing
ability” from Sage Journals, reviewed the 20-year history of electric powered wheelchairs. This
includes insight regarding control methods, cost of manufacturing, energy
consumption, and adaptation to different stair dimensions. The paper begins with a discussion of
the different wheelbase options including a track based, wheel cluster based, leg based, and
hybrid-based stair climbing mechanism, followed by a thorough analysis of the
advantages and disadvantages with each (Tao et al.). A description of methods for improving
4

stability is also outline in the article. This technical document will likely prove invaluable when
working on the conceptual design of our chosen stair lift system.
Perhaps one of the greatest challenges with designing a practical stair wagon will be keeping the
base level while on an incline. The journal, Mechanisms and Machine Theory, published an
article call “Design of a self-leveling cam mechanism for stair climbing wheelchair” that
addresses this challenge. The paper calls for a cam system that would oscillate to counteract the
motion of a wheel rolling over the stairs, resulting in a translational path that follows a linear
profile (Quaglia and Nisi). The cam was designed with simplicity and reliability in
mind; therefore, the number of moving parts has been minimized by integrating the cam into the
foundation of the device itself. This cam device will be strongly considered for our prototypes
when trying got keep the cargo as level as possible during standard operation.
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Project Management

To keep track of the due dates of our deliverables and of the progress of the project, we created a
Network Diagram. The Network Diagram has tasks including, Status Update Memos,
Presentations and Reports, and Manufacturing and Testing schedules. Figure 3.1 shows how
many tasks are needed to complete the project, the order of the task and a tasks dependence on a
previous task. We can project the end date of the project and draw attention to critical tasks that
may speed up or delay the completion of the project. The Critical Path, denoted as the path
outlined in red in Figure 3.1, comprises of these critical tasks. The task numbers in Table 3.1
correspond to those in Figure 3.1.

Figure 4.1. Network Diagram. The diagram is split into two parts for clarity.
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Table 4.1: Network Diagram Legend. Bolded tasks are those with subtasks.
Task # Task Name
1
Stair Wagon Project
2
Statement of Work
3
House of Quality
4
Indications for Use
5
Network Diagram
6
Project Budget
7
Specifications Table
8
Patent Search
9
Project Planning Meeting Slides
10
Morphology and Concept Sketches
11
Pugh Chart
12
Status Update Memo #1
13
Conceptual model
14
FMEA
15
Conceptual Design Review Report and Presentation
16
Milestone: Conceptual Design Review Report and Presentation
17
Iterate Conceptual model (part 1)
18
Status Update Memo #2
19
Working on Developing New CAD model
20
Preliminary Test Plan
21
Status Update Memo #3
22
Hazard and Risk Assessment
23
Critical Design Review Report and Presentation
24
Milestone: Critical Design Review Report and Presentation
25
Purchase Request Form (Manufacturing part 1)
26
Spring Quarter Project Plan
27
Acquire Material (part 1)
28
Manufacture Wheels
29
3D print 2 tri-star wheel hubs
30
Purchase and Acquire PETG and Rubber Wheels
31
Assemble rear tri-star wheels with hardware
32
3D print front tr-star wheel hubs
33
Assemble rear tri-star wheels with hardware
34
Manufacture Rear Axle
35
Machine mounting parts
36
Machine Clam Shell
37
Machine rear axle to size
38
Assemble Rear Axle (axle and rear tri-star wheels)
39
Assemble Rear Axle (all parts)
40
Status Update Memo #4 (#1 on Spring Syllabus)
41
Manufacture Stability System
42
Machine parts to size
43
Weld inner and outer frame
44
Machine base plate
45
Machine elbow struts
46
3D print 2 Mac elbows and 2 sets of pegs
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47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

3D print 2 Mac elbows, small wheels and pegs
Assemble Stability System (2 elbows, 2 sets of pegs, all elbow struts)
Assemble Stability System (all parts)
Status Update Memo #5 (#2 on Spring Syllabus)
Test Plan Report and Presentation
Milestone: Test Plan Report and Presentation
Purchase Request Form (Manufacturing part 2 and Testing)
Acquire Material (part 2)
Manufacture of Subframe
Machine Steering System
Assemble Subframe (forward axle, handle, tri-star wheels)
Manufacture of Braking System
3D print cones
Assemble Braking System
Full Wagon Assembly
Status Update Memo #6 (#3 on Spring Syllabus)
Dimension Testing
Volume
Overall LxWxH
Weight of wagon
Weight Capacity Testing
On flat ground On stairs
On stairs
Functionality Testing
Time to go up/down stairs
Force to go up/down
Force to engage braking system
Turning radius (concrete and sand)
All terrain (sand, gravel, grass, etc)
User Experience Testing
Time to install/uninstall
Time to fold/unfold
User Force and Angle
Follow Up Testing
Debris Measurement
Wear Evaluation
Status Update Memo #7 (#4 on Spring Syllabus)
Iterate with Testing and User Data in Mind
Status Update Memo #8 (#5 on Spring Syllabus)
Testing of Prototype at Shell Beach with Dimitri
Iterate with Dimitri's Input
Status Update Memo #9 (#6 on Spring Syllabus)
Senior Project Design Report and Presentation
Milestone: Senior Project Design Report and Presentation
BMED Expo Presentation
Milestone: BMED Expo Presentation
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Indications for Use

The Stair Wagon is a multi-terrain wagon that is designed to carry cargo up and down stairs with
ease. This device is intended to be used by individuals above the age of 13. Users must have full
control over the mobility of their legs.
The Stair Wagon will have the following capabilities:
• Able to climb up and down stairs of different dimensions and geometries
• Able to traverse over sand, grass, concrete, and gravel
• Able to remain effective on wet surfaces
• Carry up to 30 pounds of weight
• Able to make tight turns in stair wells
• Be portable; able to fit in car trunk or closet with minimal footprint
• Robust enough to handle daily use and abuse
The cargo contained in the device will be safe and secure so long as it does not exceed the
wagon’s weight capacity of 30 pounds. This wagon was not designed for safe transport of
children or other live cargo. This device was also not designed to be used in place of assistive
mobility devices, such as walkers, canes, etc.
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Budget

We were given $200 from Cal Poly and another $500 from the Hannah Forbs Grant. Table 5.2 shows how the money was distributed between,
manufacturing and testing, to complete and evaluate our Stair Wagon.
Table 6.1. Budget.

Item Description
0.75" x 1.5" x 0.125" Aluminum Rectangle
Tube 6063 72"
0.375" Aluminum Round Bar 6061
0.125" x 0.75" Aluminum Rectangle Bar
6061 24"
0.75" x 1" Aluminum Rectangular Bar 6061 24"
Bearing Housing
Moisture-Resistant HDPE Sheet (white, 24 x 24
x 1/4 inch)
Luggage Suitcase Replacement Wheels and
Repair Kits
Compression Spring Spring-Tempered Steel,
11" Long, 1.469" OD, 1.239" ID
DuraBox Collapsible Folding Storage BinsStackable Containers
Gorilla Carts GOR-HDL-DOS Replacement 2 in 1
Utility Cart\Handle
Aodaer Bungee Shock Cords (1/4 inch x 12 feet,
black)
JCBIZ 1-Pack M 50 Single Pulley Block Stainless
Steel
3/8" x 50 Ft Diamond Braided Rope Extra
Strength
DC 12V 6800mAh 18650 Lithium Ion w/
Rechargeable Battery Pack

Product
Number

Purpose

1202 Frame
1082 parts

Vendor

Planned
Quantity Units Cost/Unit

Cost

Online Metals
Online Metals

1
1

4
1

$25.77
$1.99

$103.08
$1.99

Online Metals
Online Metals
McMaster-Carr

1
1
1

1
1
1

$2.08
$11.70
$22.16

$2.08
$11.70
$22.16

McMaster-Carr

1

1

$23.39

$23.39

Amazon

4

3

$13.99

$41.97

McMaster-Carr

5

1

$15.80

$15.80

B08DL9GMFG Basket

Amazon

1

1

$25

$25.00

B001H9NV9K Handle

Amazon

1

1

$29.99

$29.99

B08C9K62BP Stability System

Amazon

1

1

$7.99

$7.99

B076J8Y8VP Testing

Amazon

1

1

$10.29

$10.29

50277 Testing

Amazon

1

1

$11.96

$11.96

Folk Battery

1

1

$34.99

$34.99

1124 parts
1177 Sides
2829N4 Mount
8619K464 Stability System
B089RF118K Tri-wheels
9637K11 Braking

link Powertrain
10

Reversible Electric DC Worm Gear Motor 12V
50RPM High Torque 6N.m
Overture Nylon Filament 1.75mm Black 1kg
Overture PETG Filament 1.75mm Black 1 kg
1" OD x 0.035" Wall x 0.93" ID Stainless Round
Tube 304 36"
0.25" x 3" Aluminum Rectangle Bar 6061T6511-Extruded 24"
Zinc plated M5-0.8 Hex Nut
Zinc plated M5-0.8 x 20 mm Cap Screws
Zinc plated M5 Flat washer
Angle Aluminum 36 x 3/4 x 1/8
M5 Philips Bolts w/ nuts
M8 Hex Bolt
M8 Hex Nuts
M5 Washers
M6 Philips head Screw
Further Hardware Expenses
Switch
Motor Driver
USB Plug
Battery Pack
6in USB 2.0
3 pin connector extension wire
Small Momentary Rocker switch 3 pin
Nucleo

PN01007-38 Powertrain
link Gears
link Parts

Amazon
Overture
Overture

1
1
1

1
1
4

$58.69
$30.99
$20.99

$58.69
$30.99
$83.96

Online Metals

1

1

$23.61

$23.61

Support
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Frame
Misc.
Powertrain

Online Metals
Home Depot
Home Depot
Home Depot
Home Depot
Ace Hardware
Ace Hardware
Ace Hardware
Ace Hardware
Ace Hardware
Ace hardware
Mouser

1
2
2
4
1
1
1
1
1
1
1
1

1
3
3
2
1
6
2
2
6
6
1
1

$12.40
$0.60
$0.80
$0.64
$7.71
$0.45
$0.59
$0.55
$0.14
$0.25
$30.00
$0.55

$12.40
$1.80
$2.40
$1.28
$7.71
$2.70
$1.18
$1.10
$0.84
$1.50
$30.00
$0.55

Powertrain

Mouser

1

1

$13.14

$13.14

Powertrain
Powertrain

Mouser
Mouser

1
1

1
1

$4.50
$1.71

$4.50
$1.71

Powertrain
Powertrain
Powertrain

Amazon
Amazon
Amazon

1
1
1

1
1
1

$5.65
$8.99
$5.96

$5.65
$8.99
$5.96

Powertrain

Mouser

1

1

$14.60

$5.96
$649.01

17788 Axle
7541
594766
561296
595299
1737-H
H916284
45564-K
3625-B

EG1201A
X-NucleoIHM04A2
474-BOB12701
12BH331-GR
FE-USBANB5-6IN

511-NUCLEOL476RG

Total

11

7

Customer Requirements

In order to create our customer requirements, we asked our sponsor the following questions:
1. Who do you envision will be using this device?
2. How much effort will be exerted on pushing the device up the stairs?
3. Will this device be used for industrial operations or daily use such carrying
groceries, laundry, and small furniture?
4. Can you give us a rough idea of the weight you anticipate this device should be
able to carry?
5. Should the device be safe for transporting animals and fragile items?
6. Should the device be self-supporting on a staircase?
7. How much maintenance is acceptable?
8. Where do you intend to use the device? At the beach? In the rain?
9. Where do you plan to store the device and what about portability?
10. How long would the device be used for at a time?
11. How maneuverable should the device be?
12. Do you have general idea of how you would like the wagon to look?
13. How does your availability look moving forward?
14. How about cup holders?
15. Should the device be designed for nighttime use?
16. Any aesthetic desires?
Using the dialog from these questions, we came up with the following Customer Requirements:
• Device can go up and down varying geometries of stairs.
• Device can be adjustable to fit different wagons.
• Device can traverse varying terrains,
• Device can fold up and be stored in a small space.
• Device is light weight.
• Device is easy to install on a wagon.
• Device is low cost.
• Device is low maintenance.
• Takes minimal effort from the user to move the wagon up or down stairs.
• Device can ensure the safety of the cargo.
• Device can accommodate high weight and high volume of cargo.
• Device is highly maneuverable.
• Device can stay stable on stairs.
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Specification Development

The House of Quality helped us better understand the Customer Requirements listed in the
previous section. We specified the importance of each requirement, in the “What” section, based
on the meetings we had with our sponsor and translated what he wanted into quantitative
measures, in the “How” section. We then assessed how closely the “How”s correlated to Dr.
Delagrammaticas’ requirements using a 9-3-1 scale, 9 being “high correlation” and 1 being “low
correlation”. Next, we compared current competing products like the Home Depot Cart and the
Climb Cart to our Stair Wagon idea in the “Now” section. “How”s relationships with other
“How”s was then evaluated and put at the top of the House. This relationship determined how
time spent on one “How” will positively (+) or negatively (-) affect another “How”. Lastly, the
importance of each requirement was turned into a percentage at the bottom of the House, how
well the competitors met our sponsor’s requirements, and our Target and Threshold values. The
Target values represent ideal measurements, while Threshold values represent acceptable
measurements.
Table 8.1: Engineering Specification List*
Requirement
Parameter
or Target
Spec #
Description
(units)
Tolerance
Risk
Compliance
1
Weight Capacity
30 lbs
±5 lbs
L
T
3
3
2
Volume Capacity
3.5 ft
±0.5 ft
L
T
3
Time to go up
15 s
±5 s
M
T
stairs
4
Time to go down
20 s
±5 s
M
T
stairs
5
Device Dimensions
2.7 ft3
±0.3 ft3
L
A, I
Folded
6
Device Dimensions
9 ft3
±1 ft3
L
A, I
Unfolded
7
Cost of Materials
$35
±$15
H
A
8
Time to Install
10 min
±15 min
M
T
9
Time to Uninstall
10 min
±15 min
M
T
10
Force Required to
10 lbs
±3 lbs
L
T
Tip While FreeStanding
11
Force Required Up
15 lbs
±5 lbs
M
T, A
Stairs
12
Force Required
10 lbs
±5 lbs
M
T, A
Down Stairs
13
Turning Radius
22 in.
±8 in.
L
T, A
* Key: L=low risk, M=medium risk, H=high risk, T=test, A=analysis, I=inspection, S=similarity
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Figure 8.1. House of Quality.
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Intellectual Property Assessment

An analysis of relevant intellectual property was performed early in the project to ensure the
avoidance of possible patent conflicts. A list of potential claims that must be considered
throughout development is displayed in Table 8.1 below. As we continue with research, this
section will be updated to include any newly discovered or recently filed claims. At this point in
development, there are currently no immediate risks of infringement.
Table 9.1: Intellectual Property Conflicts.
Patent/Patent Application
Stair-Climbing Wheelchair

Inventor
Rhodes; Thomas J.

Notable Claims:
Resolution
· Secondary wheels for
· License design as a wagon
supporting wheelchair while
rather than a wheelchair
operating.
device.
· Moving wheels rearwardly
· Move ahead despite the risk
relative to the body when in
and describe the device based
the operational position.
on different specifications
· A manually operated safety bar · Work around the design
that can engage the stair tread
outlined in the patent
to restrain
descending movement

Stair-climbing remote controlled
utility wagon

Bliss; Eric

·

·

Staircase movable cart

Negron, Rivera; Leonardo

·
·
·

The utility wagon wherein the ·
forward chassis and the rear
chassis provide rubber
caterpillar tracks mounted on
hard bar suspensions
·
The forward chassis arm and
rear chassis arm are
configured to elevate the
rectangular bed of the wagon
by extending the
telescoping segments

Change our design and come
up with a different wheel
solution than
caterpillar tracks
Address a different design for
keeping cargo secure

Handle pivotably mounted on ·
the end of the platform
Handle stopper used to limit
pivot of the handle
·
Swivel wheels on distal end of
the leg portion

Our handle would rotate in all
directions as opposed to just
up and down.
The locking mechanism will be
built into the frame of the
design instead of “barriers”
that stop the
handle’s movement
We will procced at risk with
this claim
Our design will work around
this claim be using a unique
method of customizability to
alter the dimensions of
the device
The geometry of the wheelbase
will be constructed in such a
way to avoid the
dimensions outlined
Our device will be an
attachment that can be applied
to wagons rather than
wheelchairs, so we would
operate at risk in this case

·
All-terrain
multipurpose
utility vehicle at the beach

Bovino; Constantino

·

A transport system that utilizes ·
caterpillar treads to ascend
uneven surfaces, said tire
treads would also be powered
by a motor and rechargeable
battery.
·

Step-Climbing Attachment for a
Wheeled Chair

Behrens, Michael

·

A method of modifying a
·
wheeled chair to allow it to
climb or descend one or more
steps removing at least one
drive wheel from the wheeled
chair; and attaching a stepclimbing attachment to the
wheeled chair.
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Morphology

To construct conceptual designs, we first created a Morphology chart. The Morphology chart
lists the functions that were most important to our design, including stability on stairs, traversing
stairs, assisting the user, ensuring safety of cargo, and adapting to different wagons. Each team
member came up with two concepts for each function. If concepts were identical, only one
drawing was listed.
Table 10.1: Morphology Chart.
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Concepts Evaluation

After completing our morphology, we combined concepts for each function of our project to
each create our own full concept designs. These full concept designs were then compared to each
other using Pugh charts. For each Pugh chart, one of our full concept designs was used as a
baseline product for comparison to the other two designs. If a full concept’s method of
accomplishing a function was determined to be better than the baseline’s method, it was given a
score of +1. If its method was determined to be worse than that of the baseline, it was given a
score of -1. If the full concept’s method was determined to be neither better nor worse than the
method used by the baseline, it was given a score of 0. Individually, we evaluated each design
compared to the other two to create three Pugh charts each. We then took the averages of the
Pugh charts with the same baseline product and created our Average Pugh Charts. The front
runner design was the design that had the highest scores when compared against the other
designs.
11.1 Individual Design Sketches

Figure 11.1. Cristina Andrade’s Concept Design Sketch.
I was drawn to the drum break concept, so most of this concept is built around the drum break. I
thought the drum break would provide a more instant and secure stopping mechanism. I decided
to replace the original wheel of the wagon because it would allow for additional modifications.
The tri-star design would allow the wagon to traverse across flat ground without bouncing up
and down and the center of the tri-star would be the optimum placement for the drum break.
Motorizing the wheel axels with a crown wheel system would decrease the amount of human
power. The dual rail attachment would provide a place for the motor to sit and would house the
wiring required for the drum break. I went with netting as a mode of cargo security because the
rest of the concept seemed complex, and netting seemed like inexpensive material that wouldn’t
take up a lot of space when stored with the wagon.
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Figure 11.2. Alexander Pham’s Concept Design Sketch.
I built this concept around Concept 1 of the Cargo Security function and Concept 1 of the
Adaptation to Cart/Wagon function. The sliding rail idea seems like the most innovative solution
to keeping the cargo level to flat ground. It also allows for the use of a pre-existing wagon
basket; the user would only have to install the basket rails on the existing wagon basket. For
assurance of security of the cargo, I included the net from Concept 3 of the Cargo Security
function, since it can be a cheap addition and easily removed if need be. I also combined
Concept 1 of the Adaptation to Cart/Wagon function with Concept 4 of the same function.
Telescoping frame rails should allow for easier storage when the device is not in use. I was
drawn to the elegance of the “half-moon” wheels from Concept 4 of the Ground-Device Interface
function. However, this may sacrifice the maneuverability of the wagon, especially whilst going
through tight spaces like the landing of a stairwell. This is because, for this design to work, the
front wheels cannot be swiveling like caster wheels. For the drivetrain, I opted for the motorized
single axle from Concept 1 of the Assistive Lifting Mechanism function. This is because it takes
up little space on the frame, allowing for more collapsibility. For this same reasoning, I used the
coaster brake from Concept 1 of the Free-Standing Stabilization Mechanism function.
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Figure 11.3. Nick’s Concept Design Sketch.
This device is a modification to a conventional wagon. It attaches at the lower struts which run
across the width of the wagon. The modification is composed of two bars that can slide with
respect to one another. This allows the wagon to slide backwards while the wheelbase remains in
same the place. The wheelbase is composed of a collapsible tri-star wheel with a unique braking
system. The braking system functions similar to a coaster break. This means that if the wagon
rolls backwards, the primary axel will seize. The individual tri-star wheels are also construct with
a chalk that will seize. The rear tri-star axle will be attached to a small motor and a battery pack.
The motor will apply torque to the axel when activated. Finally, the wagon is equipped with an
attachable net on top to secure the payload.
11.2 Leading Concept
Alex’s Concept
This concept was chosen because it had the highest weighted total based on the metric tests. To
create the final Pugh chart, a list of specifications was outlined. With these specifications in
mind, each team member compared one another’s concepts to the specifications and rated them.
The 9 individual charts were then condensed into three final charts that averaged the values from
before. Alex’s concept came on top in the final charts due to lower cost, easier collapsibility, and
less total weight than the other two designs. This information will be used for future decision
making when coming up with a final concept sketch.
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Force required to
traverse stairs
Force required to tip
while free-standing
Weight of device
Cost of device
Installation/Assembly
Collapsibility/Storage

-1
-0.33
-0.66
-0.33
-1.33

0

+11.66

0

-0.66

15

+0.33

0

15
20
10
10
Total
Weighted
total

-0.33
0
0
+0.33
+0.66

+0.66
0
+0.33
+0.66
+1

+0.33

+10

30

-0.33

0

15

-0.33

0

15
20
10
10
Total

+1
+0.33
+0.33
+0.33
+1.33

0
+0.33
0
-0.33
0

Weighted total +13.33 +3.33

Alex's Concept

Cristina's Concept

Datum

30

Nick's Concept

-0.66
0
-0.33
-0.66
-1

Alex's Concept

15
20
10
10
Total
Weighted
total

Cristina's Concept

+0.33

Force required to
traverse stairs
Force required to tip
while free-standing
Weight of device
Cost of device
Installation/Assembly
Collapsibility/Storage

Datum

0

Issue:
Choose a concept
design

Importance

Cristina's Concept

15

Alex's Concept

+0.66

Importance

+0.66

Nick's Concept

Issue:
Choose a concept
design

30

Datum

Force required to
traverse stairs
Force required to tip
while free-standing
Weight of device
Cost of device
Installation/Assembly
Collapsibility/Storage

Importance

Issue:
Choose a concept
design

Nick's Concept

Table 11.1: Supporting Pugh Charts. These Pugh charts show that Alex’s concept had the
highest value, +13.33, out of the three concepts.
Average Pugh Charts:
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12

Conceptual Model

12.1 Description
To better understand how our individual systems including the braking, stair-climbing, and
power train mechanisms would interact, we created a CAD model of the combined components
shown in Figure 12.1 below. The following images will break down each component and explain
the thought process that went into its design.

Figure 12.1. Stair wagon modifications complete with braking, stair-climbing, and
drivetrain components.
The first aspect of our design is the ground contact and stair climbing mechanism. This is
composed of a tri-star wheel design which allows for wheel contact with the vertical surface of a
staircase to promote continuous rolling over each step. This is a popular design for other stair
climbing devices, however our device includes space for a braking system that could stop each
individual wheel rather than just the axle. The red arrows in Figure 12.2 below mark a slot where
a 1cm square chalk would be inserted. When the chalk is compressed, it places friction on the
wheels and prevents further rotation.

Figure 12.2. Tr-star wheel with slot for the braking chalk indicated by red arrow.
The brake chalks could be activated by a cone attached to a ball and screw mechanism. When the
primary axle roles forward, the cone is retracted beyond the threads to allow for normal axle
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rotation. In the opposite direction, the threads force the cone into the center of the tri-star wheel
to activate the individual chalks causing the wheel to seize. To reestablish normal functionality,
the primary axle simply needs to roll forward once more to retract the cone on the ball screw. A
spring placed between the cone and a backing plate could ensure that the cone activates when
braking is required. Figure 12.3A below shows the cone in its deactivated state while Figure
12.3B shows the threads that directs the cone.
A

B

Figure 12.3. A, Retracted braking cone. B, Screw mechanism to direct cone.
The stair climbing mechanism will be present on both rear wheels. Figure 12.4A below
demonstrates the theorized braking system in its activated (seized) state while Figure 12.4B
shows the deactivated (rolling) state. The blue arrow in the figure represents where the spring
would need to be mounted to ensure activation of the braking cone when necessary. The system
will also be assisted by a small motor connected at the center of the axle by a 3:2 gear ratio.
A

B

Figure 11.4. A, Activated braking cone in seized state. B, Deactivate breaking cone in free
state. Blue arrow represents location of spring.
Once the primary components of our stair-climbing modification were developed, a second
model of the conventional utility wagon was generated based on supplier specifications. This
model was used as a baseline to compare how our modification would interact. Figure 12.5
demonstrates how the modification looks in comparison.
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Figure 12.5. Conventional utility wagon dimensions compared to our modification.
The modification was also compared with the complete conventional utility wagon to identify
the necessary star-wheel size to overcome the diameter of the conventional wheel. Figure 12.6
below demonstrates how our initial design was not wide enough to span beyond the edges of the
cart. Furthermore, the star-wheel was also not tall enough to make contact with the ground
before the conventional wheels did.
A

B

Figure 12.6. A, Forward facing view of wagon and modification. B, Isometric view of
wagon and modification.
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12.2 Analysis
A CAD model of our initial concept was generated to determine the feasibility of constructing a
stair-climbing modification for the Mac Sports brand utility wagon. First a model of the
conventional wagon including frame and wheels was constructed from the dimensions found on
the Costco and Mac Sports websites. Our primary design components were then modeled in a
different file with the braking system and drivetrain. This provided relevant information
regarding how the individual components would interact and highlighted critical aspects that
may pose a manufacturing challenge. To error on the side of caution, the larger size of all
components was used when given a range. The concept model was then combined with the
conventional wagon to provide insight on how everything would need to fit together. Conflicting
mechanisms that failed to properly interact were flagged for further review.
12.3 What We Learned
This exercise taught us many things about our design. The first and foremost lesson was that we
should design our own wagon with stair-climbing capabilities rather than design a modification
to give a pre-existing wagon stair-climbing capability. The most effective placement of our rear
axle modification would have been where the pre-existing wheels already are. However, this
would require the removal of the original wagon rear wheels. This would not be consistent with
our low installation and uninstallation times requirements since it would likely take 10-15
minutes just to remove or re-install those original wheels. This may also require cutting up a
wagon frame on some wagon models, which is not only a daunting task for the not-somechanically inclined, but also can be dangerous and difficult for the customer. Another issue
we ran into as we finished up our CAD model was the lack of space to include our “leveling”
system for the wagon basket. We plan on using a set of curved sliding rails to “cradle” the basket
as the wagon traverses different pitches. This attachment was to be attached to the underside of
the wagon basket, but with the existing wheels already there, a lot of the space that could have
been used for this system was taken up by our own wheel design. We also realized the placement
of our modification wheels will hinder the ability of the wagon to collapse into a more compact
configuration for storage or travel. This was due to there being three pairs of wheels in line with
each other and having to contend for space rather than the original two pairs of wheels. On top of
this, the drivetrain components and the potential leveling system would take up a lot of 3D real
estate as well.
Our critical review of our CAD model led to a critical review on our design as a whole. For one,
people are already paying $80 for a wagon, and we are expecting them to pay an additional $5060 for our stair climbing add-on. However, we could probably design a wagon with stairclimbing capabilities for around $80, which would greatly reduce the price for consumers.
Additionally, our design so far has been based around the Costco wagon alone, so we would
have to extend our design phase timeline longer to develop our design to be more universal for
more wagon models.
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Modeling our concepts in Solidworks also provided us a few revelations on our braking system.
Originally, we planned on using a combination of a drum brake and a coaster brake design
(coaster brakes can be found on many recreational bicycles) for preventing our wagon from
rolling backwards. However, this design proved to be too complicated to both apply to the triwheel design and manufacture; this was mostly due in part to the number and size of components
required to effectively realize the coaster brake design. In lieu of this design, we decided to use
the coaster brake alone, as described in the Description section.
Modeling the drivetrain of our design also taught us a couple things. Our original full concept
featured a mid-ship-mounted motor in a longitudinal (perpendicular to the axle) orientation. This
design required a prop shaft that spanned halfway across the wagon (from the middle to the rear),
which would hinder the ability of the wagon to collapse for storage or travel. To improve our
design, we decided to instead use a rear-mounted motor in a transverse (in line with the axle)
orientation. This would save on space, which allowed for more potential for the wagon to
collapse for storage or travel. One feature we wished to implement was retracting stair-climbing
wheels. However, the drivetrain system of our design required that we have an axle that remains
in place, so we removed the retracting wheels idea.
12.4 Further Development
After weighing the pros and cons of our modification design and our new wagon design, we have
chosen to progress with the new wagon design. Going forward, we will modify the existing
wagon frame model to demonstrate how the frame would fold and how the cargo will be kept
relatively level to the ground. To level the cargo, we would create a cradling system that would
rock the basket of the wagon back as the wagon was tilted up to ascend or tilted down to descend
stairs. With our new wagon design the user would need to be in front of the wagon while it went
upstairs and behind the wagon as it went downstairs. Our braking and drivetrain systems has
several exposed, moving parts. To ensure the efficacy of our systems, when exposed to dirt,
sand, and water, and the safety of the user, encasements will be added to our model of the new
wagon.
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13

Detailed Design

Figure 13.1. Full Wagon Assembly Front View.
13.1 Introduction
Based on extensive market research, countless iterations of the design, and several evaluations
with our sponsor, our team has developed a detailed SolidWorks model for the novel Stair
Wagon. The wagon is designed with adaptability, reliability, and practicality in mind.
Adaptability is demonstrated by features such as the diameter of each wagon wheel which has
been maximized to climb almost any stair regardless of features or geometry. At the same time,
the wheels are mounted close to the central wagon frame to minimize the overall profile. The
wagon stability system develops on this theme of compatibility with the potential to canter 45
degrees while keeping the cargo completely stable. This stabilizes the cargo while the wagon
performs its stair climbing function. With more than eighty components, reliability is a critical
aspect of the design. To minimize maintenance and improve durability, the gear box for the
assistive lifting motor is completely housed to protect from sand, grit, and debris. The passive
braking system also functions independently from user input to ensure that if loss of control
occurs, the wagon will come to a gently rest. To address practicality, the wagon is collapsible to
almost half its original size, and the basket is designed to be removed for added customizability.
All of these functions have been developed with manufacturing techniques in mind, and
dimensioned drawings can be found in Appendix A through H. The following description will
provide a detailed explanation of each component’s purpose.
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A

B

Figure 13.2. Full Wagon Assembly in Action. A, This image demonstrates the wagon
“behavior” on an inclined surface. B, This image demonstrates the wagon “behavior” on a level
surface.
13.2 Inner Frame
The inner frame serves as the interface for carrying the load. It is dimensioned for a maximum
volume of 44cm by 50cm and will come with a collapsible box that has the manufactured
dimensions 21”x 14”x 12”. This box will rest on a moisture-resistant HDPE sheet of plastic held
in place with 8 pegs on the inner frame. This allows the sheet to be removable for easy cleaning
and storage but secure when in use. The inner frame also has four slots cut out of it to allow
struts that support the basket to fold down when not in use. The struts interface with the basket
via a wheel that rolls in the elbow slot. This defined pathway is what allows the wagon to
stabilize when on an incline. As the outer frame canters up, the inner wheels roll through the
slots to the lowest point of gravity thereby leveling the bed.

B

A

Figure 13.3. Wagon Stability System. A, Wagon on a level surface. B, Wagon on an inclined
surface. The wagon can compensate for inclines up to 45o.
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13.3 Outer Frame
Both axles, the stability mechanism, and the power system all attach to the outer frame. It serves
as the structural support for the entire wagon and will be made from 6063 aluminum. The front
of the frame will have two holes for mounting the steering system. The back will have 4 more for
attaching two cross bars to support the motor. Each side frame will also have four additional 1.5
inches holes where a custom-built peg will be inserted to hold the elbow in place on the adjacent
side. A section of bungee cord will be run up through the peg and be anchored inside of the
elbow. When the device is in use, the bungee cord should hold the elbow taut against the frame
and maintain rigidity, however when the wagon needs the collapse, a user can simply pull up on
the elbow and then fold it down. The pegs will likely be made from 3D printed PETG which has
favorable strength and rigidity.

Figure 13.4. Wagon Sans Elbows.
13.4 Motor
We calculated that, in order to meet our goal of 15 pounds of assistive force while climbing stairs
with our current wheel setup, we require a motor that can output at least 3.86 lb-ft of torque. To
account for any drivetrain losses, we rounded this figure up to 4 lb-ft of torque, which is about
5.4 Nm of torque. After researching many different motors, we plan on purchasing a Reversible
Electric DC Worm Gear Motor to provide the assistive force while our wagon is climbing stairs.
The Worm Gear motor is able to reach speeds of 50 rpm and provide 6 Nm of torque at the
crank, which should provide our required 3.86 lb-ft even with drivetrain losses. We plan on 3D
printing a prop-shaft to match the keyed output shaft of the motor and to deliver power from the
motor to the rear axle.
13.5 Battery
Since the Worm Gear motor is a 12 V motor that requires at least 1.2 A of current, we plan on
powering it with a 12 Volt, 9 Ah F2 Terminal Sealed Lead Acid SLA Rechargeable Battery.
This battery should be able to provide proper power and amperage to our motor for climbing the
stairs. We also chose this battery because of its size. The battery dimensions are 2.56” x 3.70” x
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5.95.” The smaller dimensions should allow us with plenty of options for mounting the battery so
that it can be as out of the way as possible. Mounting a large battery can lead to problems with
decreased storage space or interfering with our stability system.
13.6 Gear Box
We plan on 3D printing a custom set of 3:2 nylon gears to transfer power from the motor to the
rear axle. By printing our own set of gears, we are able to manipulate the gear ratio to meet any
new or unforeseen torque requirements of the Stair Wagon.
We also plan on 3D printing a protective “Clam Shell” box for our gears. This will prevent any
dirt or debris from getting between our gears and preventing them from optimal power delivery.
The gear box will also protect the moving part of our motor from the elements.

Figure 13.3. Exposed Gear Box View.
Our gear box will also have a series of internal mounting plates to not only mount the box itself
but also mount the components contained in the box. Two of the three plates will hold up the rear
axle while the third plate holds up the motor. These brackets will sandwich the roof of the gear
with themselves and the aluminum mounting bars bolted across the outer frame of the Stair
Wagon. This will provide solid mounts between the drivetrain components and the wagon
chassis, which in turn allow for optimized torque delivery and minimized drivetrain losses.
13.7 Steering System
The steering system involves bolting a subframe with wheels attached to it to a bracket mounted
on the front end of our wagon’s outer frame. Between the bracket and the bolt coming from the
subframe will be a plastic bearing (of our own design). This bearing prevents metal on metal
contact between the mounting bracket and the subframe bolt, which will improve the reliability
of our steering system. Metal on metal contact will cause much more (expensive) abrasion and
damage to our wagon components than a metal on plastic interaction. Washers will be used
between the bolt and nut and the other wagon components for the same reasons: improving the
reliability and longevity of our components.
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Figure 13.6. Wagon Steering System.
13.8 Braking System
The braking system incorporates two commonly applied systems of deceleration, the drum brake
and the coaster brake, into one passive system compose of three individual parts. The system is
composed of a central axle with a cone threaded around it. Depending on the direction of rotation
in the axle, the cone either advances forward into the wheel to stop it or away from the wheel and
into a spring. When the cart is pulled up stairs, the cone retreats. If the user lets go of the wagon
and it begins to role backwards, the cone will compress the tri-star wheel and stop the central
axle. Small chalks in each individual wheel will also be compress thereby freezing all movement.
The 6 lbs/in rated spring serves to reengage the cone onto the threads as the wheel transitions
from forward to reverse motion. By controlling where the threaded screw is place on the axle, the
degree of braking force can be controlled. Ultimately, this concept will be withheld from the
final model due to unanticipated complexity, however the slots for the braking system are
present and allow for a future modification. Instead, the worm-gear motor will prevent
unnecessary motion of the central axle while the user will be responsible for keeping the wagon
from rolling.

Figure 13.7. Braking System without Cone.
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13.9 Stair Climbing Wheels
Practically all stair climbing devices take advantage of the tri-star wheel for transitioning over
each step. This design functions by allowing the central axle to rotate specifically when the
forward most wheel contacts a vertical surface. In order for the tri-star design to work however,
the central axle most be at least half the height of the stairs. To remedy this, our axle is 4 in from
the ground which exceeds the standard half stair height of 3.5 in. Our tri-star wheels hub will be
3D printed from PETG in separate halves and then coupled together. Each individual wheel will
be made from rubber for additional grip.

Figure 13.8. Internal View of Star Wheel.
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Table 13.1: Bill of Materials.
PN

Item Description

Vendor

Quantity

Units

Cost/Unit

Cost

1202

0.75" x 1.5" x 0.125" Aluminum
Rectangle Tube 6063 72"

OnlineMetals

1

4

$25.77

$103.08

1082

0.375" Aluminum Round Bar
6061

OnlineMetals

1

1

$1.99

$1.99

1124

0.125" x 0.75" Aluminum
Rectangle Bar 6061 24"

OnlineMetals

1

1

$2.08

$2.08

1177

0.75" x 1" Aluminum Rectangular
Bar 6061 24"

OnlineMetals

1

1

$11.70

$11.70

2829N4

Bearing Housing

McMasterCarr

1

1

$22.16

$22.16

8619K464

Moisture-Resistant HDPE Sheet
(white, 24 x 24 x 1/4 inch)

McMasterCarr

1

1

$23.39

$23.39

B089RF118K

Luggage Suitcase Replacement
Wheels and Repair Kits

Amazon

4

3

$13.99

$41.97

DuraBox Collapsible Folding
B08DL9GMFG Storage Bins-Stackable Containers Amazon

1

1

$25

$25.00

B001H9NV9K

Gorilla Carts GOR-HDL-DOS
Replacement 2 in 1 Utility
Cart\Handle

Amazon

1

1

$29.99

$29.99

B08C9K62BP

Aodaer Bungee Shock Cords (1/4
inch x 12 feet, black)

Amazon

1

1

$7.99

$7.99

link

DC 12V 6800mAh 18650 Lithium
Ion w/ Rechargeable Battery Pack

Folk Battery

1

1

$34.99

$34.99

PN01007-38

Reversible Electric DC Worm
Gear Motor 12V 50RPM High
Torque 6N.m

Amazon

1

1

$58.69

$58.69

link

Overture Nylon Filament 1.75mm
Black 1kg

Overture

1

1

$30.99

$30.99

link

Overture PETG Filament 1.75mm
Black 1 kg

Overture

1

4

$20.99

$83.96
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17788

1" OD x 0.035" Wall x 0.93" ID
Stainless Round Tube 304 36"

OnlineMetals

1

1

$23.61

$23.61

7541

0.25" x 3" Aluminum Rectangle
Bar 6061-T6511-Extruded 24"

OnlineMetals

1

1

$12.40

$12.40

594766

Zinc plated M5-0.8 Hex Nut

Home Depot

2

3

$0.60

$1.80

561296

Zinc plated M5-0.8 x 20 mm Cap
Screws

Home Depot

2

3

$0.80

$2.40

595299

Zinc plated M5 Flat washer

Home Depot

4

2

$0.64

$1.28

n/a

Angle Aluminum 36 x 3/4 x 1/8

Home Depot

1

1

$7.71

$7.71

1737-H

M5 Philips Bolts w/ nuts

Ace Hardware

1

6

$0.45

$2.70

H916284

M8 Hex Bolt

Ace Hardware

1

2

$0.59

$1.18

45564-K

M8 Hex Nuts

Ace Hardware

1

2

$0.55

$1.10

3625-B

M5 Washers

Ace Hardware

1

6

$0.14

$0.84

n/a

M6 Philips head Screw

Ace Hardware

1

6

$0.25

$1.50

n/a

Further Hardware Expenses

Ace hardware

1

1

$30.00

$30.00

EG0201A

Switch

Mouser

1

1

$0.55

$0.55

X-NucleoIHM04A2

Motor Driver

Mouser

1

1

$13.14

$13.14

474-BOB12701

USB Plug

Mouser

1

1

$4.50

$4.50

12BH331-GR

Battery Pack

Mouser

1

1

$1.71

$1.71

FE-USBANB5-6IN

6in USB 2.0

Amazon

1

1

$5.65

$5.65

n/a

3 pin connector extension wire

Amazon

1

1

$8.99

$8.99

n/a

Small Momentary Rocker switch
3 pin

Amazon

1

1

$5.96

$5.96

511-NUCLEOL476RG

Nucleo

Mouser

1

1

$14.60

$5.96

Total
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$610.96
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Prototype Manufacturing Guide

14.1 Description
The Stair Wagon has been designed and modeled as four separate components:
• the braking/ground contact system
• stability system
• power train
• steering system
This section of the report will explore how each individual component will be constructed with
easy of manufacturing and cost in mind. Safe construction methods that can be performed from
home are favored whenever possible. However, many of the parts will be machined by our group
members in the Cal Poly machine shops (Mustang 60 and the Aero Hangar), with additional
small modifications being performed using hand power tools such as a Dremel or a power drill at
home. A Creality Ender 3D printer will also be used extensively for custom built parts.
14.2 Stability System
The stability system will be constructed primarily from aluminum and include 12 unique parts.
The internal basket frame will be constructed from 20mm x 40mm rectangular 6063 aluminum
tubing with a wall thickness of 2mm purchased from OnlineMetals.com. This tubing will be cut
using a miter chop saw to form a mitered butt that can be welded together. The internal basket
frame will also have six 10mm diameter PETG pegs fixed in place using self-tapping screws to
the top surface of the basket frame (Appendix A, Inner Frame Struts). These pegs will serve as
anchors for the polyacrylic plastic baseplate that will rest on the basket frame (Appendix A,
Baseplate). The pegs will extrude 5mm from the frame and 3D printed using the Creality Ender
3D printer. The left and right struts that form the internal frame will each have two notches cut
out of them using a Dremel tool. These notches will be plated using epoxy (JB Weld) with an
aluminum cap that measures 20mm by 22.5mm and has a 10mm hole at the center for an axle
(Appendix A, Caps). The central axle will be 10mm in diameter and will be made from an
aluminum rod and epoxied in place.

Figure 14.1. Inner Frame.
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The axles will support the forward and rear mounts which will connect the internal basket frame
to the external frame. These mounts will be machined from a 20mm x 30mm rectangular 6063
aluminum rods using a band saw (Appendix A, Struts). The forward and rear mounts will extend
up from the axle and will have a 12.5mm diameter rod that extends from them into a 30mm
dimeter wheel. This wheel will be 3D printed from nylon to minimize its coefficient of friction,
allowing it to slide through the stability elbows with ease. The wheel will be pinned to the rod
using a screw. This wheel will roll inside a 3D printed elbow which mounts to the outer frame
(Appendix C, Elbows).

Figure 14.2. Inner Frame with Base Plate and Struts.
A total of 4 elbows will mount to the external frame. The external frame will also be constructed
from 20mm x 40mm rectangular aluminum tubing with a wall thickness of 2mm and welded at
the mitered butt. The left and right frame components will each have four 12.5mm holes drilled
in them (Appendix B, Outer Frame). A custom 3D printed peg will be slotted in these holes
(Appendix C, Elbow Peg). Through the peg a 10mm dimeter bungee cord will run from the
bottom of the frame up into the elbow where it will be mechanically held in place.

Figure 14.3. Inner Frame with Elbows.
14.3 Powertrain
The powertrain will be responsible for the assistive force provided by the wagon whilst going up
stairs. This system has been designed around a Reversible Electric DC Worm Gear Motor,
which will be ordered online. This motor meets our requirements of at least 5.5 Nm of torque
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output. We plan on using a 12 Volt, 9 Ah F2 Terminal Sealed Lead Acid SLA Rechargeable
Battery to power our motor. We will be 3D printing a 3:2 custom gear set to deliver the power
from the motor to our rear axle (Appendix F, Rear Axle). These straight-cut gears will be
printed from nylon to ensure reliability under high torque. Each gear will have an outer diameter
of about 60 mm. One of the gears will be attached to a prop-shaft which will, in turn, be
connected to the output shaft of the motor. The second gear will be mounted to our rear axle (see
Appendix F, Rear Axle). To keep the rear axle in place, two mounting plates (Appendix E, Left
Mounting Plate, Right Mounting Plate), both made from 6061 ¼” aluminum, will be used. These
plates will mount to the frame via two mounting bars (Appendix E, Mounting Bars), made from
the same 20mm x 40mm 6063 aluminum tubing as the inner (Appendix A, Inner Frame) and
outer (Appendix B, Outer Frame) frames of the Stair Wagon. The mounting plates will be
mounted using bolts, nuts, and aluminum elbows. These aluminum plates will have 25 mm holes
in them to hold the rear axle up, allowing for a rigid connection between the rear axle and the
wagon frame. We will also be utilizing the mounting bars for the axle mounting plates to mount
our motor to the wagon frame. The DC Worm Gear Motor has three threaded mounting holes
(4.92 drill and M6 tapped; in a 50mm-diameter circle) on its face. The motor mount plate
(Appendix E, Motor Mounting Plate) has three holes in a matching pattern and a central hole for
the prop-shaft to connect securely to the output shaft of the motor. The motor mount plate will be
mounted similar to the axle mounting plates to allow it to be bolted securely to the mounting
bars.

Figure 14.4. Powertrain Assembly Exposed.
The final components of the powertrain have nothing to do with power delivery, rather they form
a protective casing (dubbed the “Clam Shell”) to protect the powertrain components from the
elements. The Clam Shell consists of four components: the top, the bottom, the cap, and the
grommet. We plan on printing the former three of these pieces from PETG. The top (Appendix
E, Clam Shell Top) is the largest piece of the Clam Shell. This piece is an 85mm x 127.5mm x
200mm box with 5mm-thick walls and a 2mm-thick ceiling. The top is hollowed out and is
missing a floor and a wall to accommodate the motor, the prop-shaft, and the three mounting
plates. On the lone side wall, there is a semi-circle cutout with a 12.5mm radius to accommodate
for the rear axle. On the front side of the top, there is a small cutout for the motor’s wiring to run
through to reach the battery. This cutout is a 15mm x 5mm rectangle with 2.5mm radius
semicircles on either end. Since the motor also has a large plastic protrusion on its side, the top
has a 7mm-diameter hole on the same side as the wiring cutout for the motor to protrude from.
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To better seal this hole from the elements, we will be 3D-printing a grommet (Appendix E,
Grommet for Motor) to sit between the motor protrusion and the Clam Shell top. This grommet
will be printed from TPU, which is more flexible than PETG, allowing for it match and seal any
contours between the motor and the box. The bottom of the Clam Shell (Appendix E, Clam Shell
Bottom) is of half-cylindrical shape. It has a length of 200mm and a radius of 42.5mm to fit it to
the Clam Shell top. This piece is hollowed out, with 5mm-thick walls, to accommodate the rear
axle gear. To better fit the rear axle, itself, there is a semi-circular cut with a 12.5mm radius.
With the matching cut on the Clam Shell top, the top and bottom form a 25mm hole for the rear
axle to run through. The two pieces are also cut to fit the left mounting plate (Appendix E, Left
Mounting Plate) for the rear axle along their edges. The final piece to the Clam Shell is the cap
(Appendix E, Clam Shell Cap). This piece fills in for the missing wall of the combined Clam
Shell top and bottom. It is a 127.5mm x 85mm x 10mm rectangular prism with a 5mm-thick
semi-circle with a 42.5mm radius attached to the bottom. There is also a 25mm-diameter hole for
the rear axle to thread through. The cap has 5mm-thick walls to match the thickness of the rest of
the Clam Shell components. To secure all three of the PETG pieces of the Clam Shell, a system
of slots and tabs has been implemented. Each part has several slots and/or tabs of 5mm thickness
and height or depth. The lengths of these tabs and slots may vary depending on their location and
the geometry of their location. For example, the cap has two 73mm-long tabs on its straight
edges, but a much smaller 2mm-long tab on its curved edge.

Figure 14.5. Front and Rear Wheel Assemblies.
Due to limited time and resources, we were unable to print the full clam shell. Instead, we opted
to print a single wall of the clam shell so as to mount our battery pack and motor controller. This
power pack was printed from nylon filament and reinforced with 6061 aluminum plates.
Additionally the battery pack was changed from a Lead Acid battery to a Lithium Ion battery due
to its smaller size and weight.
14.4 Rear Axle
The braking and ground contact system will be constructed almost entirely from 3D printed
components with PETG at 60% infill, supports activated, and a print resolution set at 0.2. These
will be built around a rear axle that connects directly to the power train via a gear. The passive
braking mechanism is composed of three parts including a screw, cone, and spring (Appendix G,
Braking Axle and Screw). The screw will be printed from PETG with the larger outer radius
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facing down and structural supports activated. The cone will be printed on the screw since
assembly of the separate components is not possible due to geometry. The 6 lb/in rated spring
will then be weaved onto the brake screw. The hollow tube in the center of the brake screw will
be fed over the rear axle and epoxied in place with JB weld at the proper dimensions (picture).
These dimensions will be specified during testing. The ground contact system, specifically the
tri-star wheel will be printed in two separate halves and will be slotted together and epoxied
(Appendix H, Star Wheel). Three small spring-operated chalks will also be inserted in the
cavities of each star wheel. Rubber wheels will then be bolted at the end of each point using a
1cm screw and two washers. The assembled tri-star wheel will then be fed over the central axle
and held in place with a 3D printed cap. The ground contact assembly will be applied to both the
forward and rear wheels with the rear wheels exclusively receiving the braking mechanism as
well.

14.5 Front Axle

Figure 14.6. Star Wheel Internals and Braking System.

The steering system of the Stair Wagon involves a subframe (Appendix B, Wagon Subframe)
that will be bolted to a bracket (purchased from McMaster Carr) attached to the outer frame of
the wagon. This subframe will be fabricated from the same 20mm x 40mm 6063 aluminum
tubing that will be used to create the inner and outer frames of the Stair Wagon. These pieces
will be cut using a miter chop saw. Each side of the subframe consists of two 45o bends to make
the tube perpendicular to the ground. The first bend will be 150mm from the middle of the tube
and the second bend will be 100mm from the first bend (along the axis parallel to the ground).
The tube will then continue another 50mm perpendicular to the ground. A 25mm hole for the
front wheels to bolt in to will be placed 17.5mm from the bottom edge of the subframe. A 20mm
hole is also at the top and middle of the subframe to thread a bolt through. This bolt will be the
means to attach the subframe to the outer frame of the Stair Wagon. This bolt will also be going
through a plastic bearing (Appendix B, Forward Bearing) of our own design. We plan on
printing this piece with PETG. This bearing has a 20mm inner diameter and various outer
diameters. The middle outer diameter is 21.8mm to match the inner diameter of the bracket to
mount the subframe to the wagon. The lower outer diameter is 41.8mm, which will prevent the
bearing from traveling any further through the mounting bracket. Similarly, the upper outer
diameter is 36.6mm, which is also to prevent the bearing from traveling through the mounting
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bracket (only in the opposite direction from before). The top of the forward bearing has a
mushroom shape along with eight 1.3mm cuts to allow the bearing to slip through the mounting
bracket more easily. The final piece to the steering system is a bracket for the wagon handle
(Appendix B, Handle Bracket). This is a custom bracket with a height of 52mm and a width of
80mm. It has a thickness of 19mm. There are holes 10mm from the top edges for the handle to
bolt to. There are also two holes on the bottom of the bracket, each 24.5mm from each edge, for
the bracket to mount to the wagon subframe, which has matching holes on the middle of its front
edge. Each mounting hole will be 55mm in diameter. This mounting bracket was designed in
SolidWorks and printed using nylon.
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15

Testing

15.1 Test Plans
After building a prototype, we need to evaluate its performance. Table 14.1 below, lists the tests
that were performed to determine the success of our Stair Wagon. We used simple tools and no
more than two locations to perform all tests. Most were completed with the help of all team
members and other BMED 456 students. There were three sections of testing including,
Functional Testing (Weight, Volume, Dimension, Force Climbing, Force Braking, Radius,
Ergonomics, and All Terrain), User Testing (Timed Folding/Unfolding, Timed
Installing/Uninstalling, and Timed Climbing), and Follow Up Testing (Dirt and Longevity).
Table 15.1: Test Plans. All tests will be performed outside on and around the Cal Poly
Engineering East staircase, and all participants will wear masks and provide evidence of being
negative for COVID 19.
What to Test
How to Test
Materials Needed Trials Experimental
Target Value
Groups
Weight Capacity
Weight Test
2
• 10, 15, 25 lb
• Stair Wagon 30 lbs
weights
• Camera
• Image J
Volume Capacity
Volume Test
2
• Measuring
• Stair Wagon ~15 gallons
Tape
Dimensions Folded
Dimension Test
2
• Measuring
• Folded Stair 11.8 x 32.7 x 24.8 in
Tape
Wagon
Dimensions Unfolded
19.7 x 32.7 x 24.8 in
• Unfolded
Stair Wagon
Time to fold
Timed Folding/
2
5 mins
• Stopwatch
• Team
Unfolding Test
Time to unfold
Member
• Participant
Time to install
Timed Installing/
25 mins
(team members
• Participant
Uninstalling Test
Time to uninstall
and BMED
456 students)
Time to go up set of Timed Climbing Test • Stopwatch
2
30 secs
• Team
stairs
Member
• Set of stairs
• Participant
• Pulley
Time to go down set
40 secs
Assembly
of stairs
(pulley and
rope)
• Participant
(team members
and BMED
456 students)
Force required to go Force Climbing Test
3
15 lbs
• Spring
• Team
up set of stairs
Member
• Pulley
Force required to go
10 lbs
Assembly
down set of stairs
40

Force required to
engage braking
system
Turning radius
(concrete and sand)

Force Braking Test

Effect on user

Ergonomics Test

Radius Test

(pulley and
rope)
• Chalk
• Measuring
Tape
• Concrete
surface
• Sand
• Camera
• Image J

5 lbs
3

•
•

2

•

Stair Wagon
on concrete
Stair Wagon
on sand

48in (4ft)

Team
Member
Participant

Flat Ground: Angle
and Force Costco
wagon >/= Our
Wagon
On Stairs: Force
Costco wagon >/=
Our Wagon

All terrain

All Terrain Test

Measuring
Tape

1

Safety of parts

Dirt Test

•

Weight scale

1

•

Stair Wagon
on concrete
Stair Wagon
on grass
Stair Wagon
on sand
Stair Wagon
on gravel
Stair Wagon

Longevity of wagon

Longevity Test

•

N/A

1

•

Stair Wagon

•

•
•
•

Can traverse all
terrains with
minimal scratches

Yes, with minimal
wear on all parts

4 oz

15.2 Testing Protocols
Weight Test
Setup
1. Have Stair Wagon in the unfolded position.
2. Have weights within reach.
3. Have a camera pointing at the side and a camera pointing at the back of the Stair
Wagon.
Data Acquisition
1. Take a picture of the side and rear of the Stair Wagon.
2. Load the 10 lb weight into the Stair Wagon basket and take a picture of the side
and rear of the Stair Wagon.
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3. Take the 10 lb weight out of the basket and load two 10 lb weights and take a
picture of the side and rear of the Stair Wagon.
4. Take the 20 lb weight out of the basket and load two 15 lb weights and take a
picture of the side and rear of the Stair Wagon.
Data Analysis:
1. Analyze pictures in ImageJ to see how much the elbows tilt toward the center of
the frame and how much the basket platform canters.
2. If deformations are under 3in and angles are less than 10deg then the
deformations would be marked as not causing detrimental damage to the Stair
Wagon.
3. Compare actual weight capacity with no detrimental damage to the Target Value
of 30 lbs.
4. If the actual weight capacity is within 5 lbs of the Target Value, then the test was
successful.
Contingency:
1. If test is not successful, then the deforming parts will be replaced with stronger
material.
Volume Test
Setup:
1. Have the basket in the unfolded position.
2. Have the tape measure within reach.
Data Acquisition:
1. Using the tape measure, measure the length, width, and height of the basket.
Data Analysis:
1. Multiply the length, width, and height of the basket to get the volume in cubic
inches.
2. Divide the volume by 231 to get the volume in gallons.
3. Compare the actual basket volume with the Target Value of 15 gallons.
4. If the actual volume is within 0.30 gallons of the Target Value, then the test was
successful.
Contingency:
1. If test is not successful, then the basket would be returned and a new one will be
ordered.
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Figure 14.1. Unfolded Basket.
Dimension Test
Setup:
1. Have the Stair Wagon in the unfolded or folded position.
2. Have the tape measure within reach.
Data Acquisition:
1. Using the tape measure, measure from the right rear wheel to the left rear wheel to
get the width, measure from the base of the wheel to the top of the elbow to get
the height, and measure from the front wheel to the back wheel to get the length
of the Stair Wagon.
Data Analysis:
1. Compare the actual dimensions of the Stair Wagon to the Target Values obtained
from our SolidWorks models:
i. Folded (11.8” x 32.7” x 24.8”)
ii. Unfolded (19.7” x 32.7” x 24.8”)
2. If the actual dimensions are less than or no more than 0.5in of the Target Values,
then the test was successful.
Contingency:
1. If test is not successful, then adjustments to the frame dimensions will be made.
Timed Folding/Unfolding Test
Setup:
1. Have the Stair Wagon in the unfolded/folded position.
2. Have a timer ready.
3. Have a participant ready.
Data Acquisition:
1. Let participant read the User Manual Brochure in addition to verbally describing
what the parts that need to be folded/unfolded (basket and elbows) and how they
fold or unfold. Let them know that they need to say “Done” for the timer to stop.
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2. Start the timer when the Stair Wagon is first touched.
3. Stop the timer when the participant says “Done”.
Data Analysis:
1. Compare the average time to complete the task to the Target Value of 5 minutes.
2. If the actual time is less than or no greater than 1 minute over the Target Value,
then the test was successful.
Contingency:
1. If test is not successful, then there will be a reevaluation of the user interface.
B

A

Figure 15.2. Stair Wagon Unfolded/Folded Position. A, Stair Wagon in unfolded position
(without the basket) B, Stair Wagon in folded position (without basket).
Timed Installing/Uninstalling Test
Setup:
1. Lay out/Have all parts installed on/next to the Stair Wagon the battery, handle,
basket and Stair Wagon.
2. Have timer ready.
3. Have a participant ready.
Data Acquisition:
Participant
1. Let participant read the User Manual Brochure in addition to verbally describing
what the parts that need to be installed/uninstalled (battery, handle, and basket)
and how they are installed or uninstalled. Let them know that they need to say
“Done” for the timer to stop.
2. Start the timer when the Stair Wagon is first touched.
3. Stop the timer when the participant says “Done”.
Data Analysis:
1. Compare the average time to complete the task to the Target Value or 25 minutes.
2. If the actual time is less than or no greater than 1 minute over the Target Value,
then the test was successful.
Contingency:
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1. If test is not successful, then there will be a reevaluation of the user interface.
Timed Climbing Test
Setup:
1.
2.
3.
4.

Measure the step height, step length, total staircase height of the chosen staircase.
Have Pulley Assembly set up on the staircase.
Have basket empty.
Have the Stair Wagon hooked up to the Pulley Assembly and at the base of the
staircase.
5. Have a timer ready.
6. Have a team member ready.
Data Acquisition:
1. Start the timer when the team member starts pulling on the rope.
2. Stop the timer when the Stair Wagon is at the top of the staircase.
3. Fill the basket with 30 lbs then repeat steps 1-2.
Data Analysis:
1. Compare the average time to get the Stair Wagon up/down a set of stairs with the
Target Values of:
i. Up stairs (30 seconds)
ii. Down stairs (40 seconds)
2. If the actual time is less than or no greater than 10 seconds over the Target
Values, then the test was successful.
Contingency:
1. If test is not successful, then the wheels and axles will be reevaluated.
A

B

Figure 15.3. Pulley Assembly. The Pulley was set up outside Engineering East (Building 20).
Knots were tied on the railing and a single vertical support kept the rope from sliding down the
railing. The pulley was kept in the middle of the rope with a twist. The wagon was attached to
the Pulley via a spring and rope.
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Force Climbing Test
Setup:
1.
2.
3.
4.

Measure the step height, step length, total staircase height of the chosen staircase.
Have Pulley Assembly set up on the staircase.
Have the basket empty.
Have the Stair Wagon attached to the Pulley Assembly and at the base of the
staircase.
5. Have the spring attached to the Pulley Assembly.
6. Have video camera pointed at the spring.
7. Have a team member ready.
Data Acquisition:
1. Start the video camera.
2. Have a team member pull on the rope to pull the Stair Wagon up the staircase and
stop the video once the Stair Wagon is at the top.
3. Fill the basket with 10 lbs then repeat steps 1-2.
4. Fill the basket with 20 lbs then repeat steps 1-2.
5. Fill the basket with 30 lbs then repeat steps 1-2.
6. Start the video camera.
7. Have a team member slowly let go of the rope so the Stair Wagon goes down the
staircase and stop the video once the Stair Wagon is at the bottom.
8. Fill the basket with 10 lbs then repeat steps 5-6.
9. Fill the basket with 20 lbs then repeat steps 5-6.
10. Fill the basket with 30 lbs then repeat steps 5-6.
Data Analysis:
1. Analyze the video footage and measure the displacement of the spring as the Stair
Wagon goes up or down the staircase.
2. Calculate the force at each point using the displacement of the spring and the
spring constant.
3. Calculate the average force.
4. Compare the average force required to get the Stair Wagon up/down a set of stairs
with the Target Values of
i. Up stairs (15 lbs)
ii. Down stairs (10 lbs)
5. If the average force is less than or no greater than 5 lbs over the Target Values,
then the test was successful.
Contingency:
1. If test is not successful, then the gear ratio will be reevaluated.
Force Braking Test
Setup:
1. Have basket empty.
2. Have the Stair Wagon at the top of the staircase.
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3. Have the Stair Wagon attached to the Pulley Assembly by a spring.
4. Have video camera pointing at the spring.
5. Have a team member ready.
Data Acquisition:
1. Start video camera.
2. Have a team member slowly let go of the rope so the Stair Wagon goes down the
staircase with the braking system deactivated.
3. Have a team member slowly let go of the rope so the Stair Wagon goes down the
staircase with the braking system activated then stop the video camera.
4. Fill the basket with 10 lbs then repeat steps 1-3.
5. Fill the basket with 20 lbs then repeat steps 1-3.
6. Fill the basket with 30 lbs then repeat steps 1-3.
Data Analysis:
1. Analyze the video footage and measure the displacement of the spring as the Stair
Wagon goes down the staircase.
2. Calculate the force using the displacement of the spring and the spring constant.
3. To determine force exerted by the braking system, subtract the force with the
braking system deactivated from the force with the braking system activated.
4. Compare the actual force required to engage the braking system to the Target
Value of 5 lbs.
5. If the actual force is less than or no greater than 1 lb over the Target Value, then
the test was successful.
Contingency:
1. If test is not successful, then the 3D printed parts for the braking system will be
reevaluated.
Radius Test
Setup:
Concrete
1. Have Stair Wagon in the unfolded position.
2. Dust hand chalk over the front left wheel.
3. Have a team member ready.
Sand
1. Have Stair Wagon in the unfolded position.
2. Smooth out a patch of sand.
3. Have a team member ready.
Data Acquisition:
Concrete
1. Have a team member pull the Stair Wagon in a straight line and then turn the
handle to the right as far as it will go.
2. Complete the turn so the Stair Wagon is in a straight line again.
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3. Measure from the first chalk line to the second.
Sand
1. Have a team member pull the Stair Wagon in a straight line and then turn the
handle to the right as far as it will go.
2. Complete the turn so the Stair Wagon is in a straight line again.
3. Measure from the two outermost markings in the sand.
Data Analysis:
1. Divide the measurements by 2 to get the turning radius.
2. Compare the actual turning radius to the Target Value of 48in.
3. If the actual turning radius is less than or no greater than 5in over the Target
Value, then the test was successful.
Contingency:
1. If test is not successful, then the wheelbase will be readjusted.
Ergonomics Test
Setup:
1. A camera will be mounted on the railing of the staircase in Engineering 4.
2. The Stair Wagon and the Costco wagon will start at the bottom of the stairs.
Data Acquisition:
1. The Stair Wagon/Costco wagon will be tested with an empty load, a 10lb weight
and a 20lb weight.
2. The participant will be asked to pull the Stair Wagon/Costco wagon up the stairs
while a video is recorded.
3. This action will be repeated twice for each weight with a 5-minute break in
between.
Data Analysis:
1. The video will be analyzed in ImageJ to determine the angle between the spine
and the vertical axis.
2. The angle between the wagon and handle and the pitch of the staircase will also
be recorded.
3. These values will be compared to the measured angle while pulling the standard
Costco wagon.
4. If our Stair Wagon values are within 5% of the Costco wagon values, then the test
was successful.
Contingency:
1. If test is not successful, then the handle length would be adjusted.
All Terrain Test
Setup:
1. Bring the Stair Wagon to location and place in desired terrain (grass, sand,
concrete, etc.).
2. Have Stair Wagon in unfolded position.
3. Have a team member ready.
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Data Acquisition:
1. Have a team member pull or push wagon in a straight line through selected terrain
for 10 ft using mild to moderate force.
2. Repeat this through variations of the same terrain (long and short grass, loose and
packed sand, rough and smooth concrete, etc.)
3. Note any deformations or damage to the wheels or other wagon components.
4. Have puller/pusher comment on ease of use.
5. Team members will inspect and note damage on wheels.
Data Analysis:
1. If wheels have minimal scratches and the team member claims ease of use
through the alternate terrain, then the test was successful.
Contingency:
1. If test is not successful, then the wheels will be changed.
Dirt Test
Setup:
1. Perform data acquisition after all other tests are completed (except Longevity
Test).
Data Acquisition:
1. Open Clam Shell and pile dirt onto scale.
2. Clean off wheels and pile dirt onto scale.
Data Analysis:
1. Compare the actual weight of the debris to the Target Value or 4 oz.
2. If the actual weight is less than or no greater than 1 oz over the Target Value, then
the test was successful.
Contingency:
1. If test is not successful, then the box interfaces and materials will be reevaluated.
Longevity Test
Setup:
1. Perform data acquisition after all other tests are completed.
Data Acquisition:
1. Inspect wagon for damage to components.
2. Note any deformations to wagon components.
Data Analysis:
1. Finding little to no damage throughout each of the tests on the wagon will prove
the longevity of the wagon over an extended period of time.
Contingency:
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1. If test is not successful, then damaged components will be replaced with more
durable material.
15.3 Test Data and Analyses
In conjunction with completing the Stair Wagon prototype, some testing occurred. In preparation
for the first phase of User Testing, we decided to have the participants pull the wagon up and
down the stairs themselves instead of using the Pulley Assembly. The Pulley Assembly proved
difficult to use after the first attempt of the Force Climbing Test. To keep consistent throughout
all trials of the Timed Climbing Test, a team member pulled the wagon up and down the stairs
themselves as well. The Force Climbing Test was also shorted to include only the force going up
the stairs and the Force Braking System Test was completed eliminated, because the wagon
tended to “buck” items off the basket platform as it went down the stairs. After the first phase of
User Testing, the chosen staircase was changed from Engineering IV (Building 192) to the
staircase outside Engineering East (Building 20). The tri-star wheel hub was not long enough to
go over the steps on the Engineering IV staircase, which had a step height of 6in. The
Engineering East staircase, which had a step height of 5.25in, was then used for the second phase
of User Testing, the Force Climbing Test, the Timed Climbing Test and the Ergonomic Test.
Additionally, due to the delay in the completion of the Clam Shell, the Dirt Test consisted of
completing all tests, except the Longevity Test, and taking the wagon apart to clean all parts and
collect debris that was later weighed. Furthermore, since our sponsor’s Costco wagon is not rated
for going up stairs and we were worried that we may cause damage to the Costco wagon, we
decided not to use his wagon for the Ergonomics Test.
Weight Test
The Figure below show the wagon during the Weight Test in the Rear View and Side View.
Figure 15.4A and 15.4C, show the wagon with no weight in the basket and the pictures in Figure
15.4B and 15.4D, show the ImageJ analysis of the wagon with our max weight of 30lbs in the
basket. The Rear View was used to measure the angle at which the elbows tilt in toward the
center of the wagon. In ImageJ, a vertical line was lined up with the inner corner of the right
elbow and the angle at which the elbows tilted inward was measured. The Side View was used to
measure the canter of the basket platform. In ImageJ, the top of the box was used as the scale and
the amount of inner frame that sagged below the outer frame was measured. The red lines in
Figure 15.4B and Figure 15.4D show what was measured in ImageJ.
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A

B

C

D

Figure 15.4. Weight Test. A, Rear View: Wagon empty. B, Rear View: ImageJ Analysis of
elbow tilt with 30lbs of weight on the wagon. C, Side View: Wagon empty. D, Side View:
ImageJ Analysis of basket platform canter with 30lbs of weight on the wagon.
Table 15.2: Weight Test Data.

As shown by Table 15.2. above, the wagon’s elbows did not tilt past 10deg and the canter was
less than 3in, which meant the wagon was able to hold the required 30lbs of weight.
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Force Climbing Test
Due to the Pulley Assembly not providing the necessary force needed to stabilize the wagon
while it went down stairs, the Force Climbing Test only consisted of the force while the wagon
was going up the stairs. Since the Pulley Assembly was set up close to the top of the stairs, the
wagon was not able to go all the way onto the second landing. If the Pulley Assembly were
moved further back on the railing, there would be no supports to keep the knots in place while
the wagon was being pulled. Additionally, as more weight was added to the wagon basket, the
spring would lengthen more and more, preventing it from going up a certain number of steps.
Because of this, the force in the spring for each weight was taken for only 6 steps.
The figure below shows how the spring lengths were measured in ImageJ. The lengths of the
spring and Equation 15.1 were used to calculate the force in the spring over each step. A
different spring rate was needed for the force calculation because the rope was not tied to the
very ends of the spring as shown in Figure 15.5.

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑥𝑥 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ
𝐶𝐶𝐶𝐶𝐶𝐶 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ
Equation 15.1. The Spring Rate Equation.
This equation was used to calculate the rate of
the cut length of the spring.
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

Figure 15.5. Spring Length ImageJ
Analysis.
The graph below, shows the average force needed to pull the wagon up each step. The average
for our maximum weight of 30lbs was about 50lbs of force, this more than three times our Target
Value for going up the stairs (15lbs), so the wagon did not pass the Force Climbing Test. Since
the motor was not implemented in this test, we believe that it would have helped decrease the
human force needed to pull the wagon up the stairs. However, the completion of the motor was
not done in time to test this hypothesis.
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Figure 15.6. Average Force Required to Pull Wagon Up Stairs
Ergonomics Test
Instead of comparing the Costco wagon values to those of the Stair Wagon. We decided to
compare the angle the spine makes with a vertical axis when someone is carrying 30lbs in a
traditional basket and when they are carrying the same 30lbs using the Stair Wagon. Video
recordings of a team member walking up and down the stairs with a basket that was empty, a
basket that had 30lbs in it, the wagon empty, and the wagon with 30lbs in it. Screenshots were
taken when the team member was in the middle of the stairs and those were later analyzed in
ImageJ. In ImageJ, an angle tool was used to draw a line for the spine and a vertical axis. The
vertical axis was kept vertical via the x coordinates given by ImageJ. The red lines in Figure
15.7, show how the angles were measured in each image. Table 15.3 shows the angles taken for
each trial and their averages. For the Basket, Empty, Down, Trial 1 and 2, one angle is positive,
and the other is negative, so the average was calculated using only the magnitudes of each angle.
The angles for the basket were less than the angles for the Stair Wagon in each test, so the Stair
Wagon fails this test. Due to time constraints the handle length was not able to be adjusted. In
addition to changing the handle length, changing the handle shape to have a bend may decrease
the angle the spine is making with the vertical axis.
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B

A

Figure 15.7. Ergonomics Test ImageJ Analysis. A, Without Wagon, Empty, Up Stairs. B,
With Wagon Empty, Up Stairs.
Table 15.3: Ergonomics Test Data. The positive angles correlate to the subject leaning forward,
while the negative angles correlate to the subject leaning back.
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User Testing
User Testing consisted of the Timed Folding/Unfolding Test, the Timed Installing/Uninstalling
Test and the Timed Climbing Test. In order to prevent unbiased results, we wanted to have
others that were less familiar with our wagon’s mechanisms, test its usability. Other BMED 456
students were kind enough to help us out. We had two phases of User Testing, one with the
Engineering IV staircase and one with the Engineering East staircase. We had each participant
complete two trials of each test, except the Timed Climbing Test, which had one trial per
participant. The Timed Climbing Test was modified to only include going up and down the stairs
with an empty basket. Additionally, the Timed Installing/Uninstalling Test did not include the
installing of the battery due to shipping delays. When the battery was later implemented into the
wagon, we decided that the battery pack would already be put on the wagon, so it would not need
to be installed. The averages of these times can be seen in Table 15.4. After their testing session,
each participant was asked to fill out a survey about the ease of use of the Stair Wagon. The
survey had three rating scale questions and one free response questions where comments and
suggestions could be made. The three rating questions related to the Stair Wagon’s ability to
climb stairs, the need for human effort, less is better, and how comfortable the user felt while
using the Stair Wagon. The results of those surveys can be seen in Figure 15.9.
Table 15.4: User Testing Data. For each phase, all participants and all trails were averaged to
get the stated times.
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Figure 15.8. Operation Test Survey. Participants were asked to fill out this survey after their
User Testing session to give feedback on the Stair Wagon’s performance.
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Figure 15.9. User Expereince. A, User Ratings. B, User Comments.
The Timed Climbing Test data from the phase 2 BMED 456 participants was compared to the
Timed Climbing Test data from us, since we had used the same staircase for each test. The time
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it took the BMED 456 participants to go up the stairs (27 sec) was most similar to how long it
took us to go up the stairs with 30lbs in the Stair Wagon basket (12.85 sec). The time it took the
BMED 456 participants to go down the stairs (20.5 sec) was most similar to how long it took us
to go down the stairs with 10lbs in the Stair Wagon basket (23.9 sec).
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Figure 15.10. Weight vs Amount of Time.
The amount of time it took us to go up stairs with 30lbs was 12.85sec and to go down stairs with
30lbs was 25.45sec. Our Target Values were 30sec up stairs and 40sec down stairs, so we have
succeeded in this test.
Remaining Tests
The remaining test results for the Radius, All Terrain Test, Dirt and Longevity Test can be seen
in Table 15.5 below. After measuring the basket in the Volume Test, we found that we were off
by 0.5in in length and width and 1in off in height. As a result, the actual volume of the basket
was 2 gallons off the 15-gallon Target Value. However, due to time constraints and the need for
the basket in other testing protocols, the original basket was not traded for a new one. For the
Dimensions test, the wagon’s length, width, and height (30.5x24.5x19in) were under the Target
Values (32.7x24.8x19.7in), which was a success for this test. For the Radius Test, the wagon was
able to make marks in the sand and on the concrete using chalk. However, it is not recommended
that the Stair Wagon be used in sand, due to the amount of hardware in the tri-star wheels
themselves and the Clam Shell, otherwise this test was a success. Since the Clam Shell was not
completely constructed before the Dirt Test, the amount of debris was collected by taking the
wagon apart. The weight of the debris (0.083oz) was less than the Target Value (4oz), so this test
was a success. For the All Terrain Test, the wagon was pulled through grass, sand, woodchips,
on concrete and on asphalt, with little deformation to the wheels, debris from all the terrains was
more of an issue than the deformation. For the Longevity Test, we are not counting this one as a
success, due to the fact that many modifications had to be made in order for the wagon to make it
through all the tests. In order to prevent the forward axle from scrapping the steps, it had to be
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ground down. During the second phase of User Testing, one of the pegs that keep the elbows in
place on the outer frame snapped and new pegs had to be printed with the filament going in the
long axis of the peg. After completing the Force Climbing Test and right at the start of the Timed
Climbing Test, one of the welds on the forward axle cracked. In the process of transporting the
wagon from the testing site the cracked weld broke completely and another weld started
cracking. The rest of the welds on the forward axle were broken and rewelded and the rest of
testing was completed.
Table 15.5: Remaining Testing Data.
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Instructions for Use

What follows is the text in the User Manual given to the participants in the User Testing. The
brochure outlines how to install and uninstall the handle and basket, and how to fold and unfold
the basket and the elbows
Installing/Uninstalling Test
Parts to install/uninstall: Handle and the Basket.
Install Steps:
1. Unfold four black elbows. Grab the elbow in the middle and pull it towards you,
the holes at the bottom of each elbow should line up with the pegs sticking out of the
frame. See Figure 16.1.

Figure 16.1. Unfolded Elbows.
2. Attach handle to horseshoe bracket. On the handle there should be a bolt, two
washers, and a nut at the bottom of the handle. The horseshoe bracket should be at
the front of the wagon. Unscrew the nut from the bolt and take off one washer; set
them aside. Take the bolt and other washer out of the handle. Line the handle holes up
to the holes on the horseshoe bracket and put the bolt and washer through. Put the
other washer on the end of the bolt and screw in the nut. See Figure 16.2.

Figure 16.2. Configuration of bolts on horseshoe bracket.
3. Unfold basket. Hold the basket up and push the two flaps down and the other two
sides should accordion down. Snap the flaps into place, see Figure 16.3, and place the
basket on the white platform.

59

Figure 16.3. Basket Unfolded.
Uninstall Steps:
1. Fold basket. Take the basket off the white platform and push the two sides in
towards the center, see Figure 16.4, and allow the other sides to fold in.

Figure 16.4. Fold Basket sides towards the center.
2. Take handle off horseshoe bracket. Unscrew the nut from the bolt at the bottom
of the handle and take the washer off. Pull the bolt out from the horseshoe bracket
and the handle.
Operation Test
Parts to unfold/fold: Basket and Elbows.
Unfold Steps:
1. Unfold basket. Hold the basket up and push the two flaps down and the other two
sides should accordion down. Snap the flaps into place and place the basket on the
white platform. See Figure 16.4.
2. Unfold four black elbows. Grab the elbow in the middle and pulling it towards
you, the holes at the bottom of each elbow should line up with the pegs sticking out of
the frame. See Figure 16.1.
Fold Steps:
1. Fold basket. Take the basket off the white platform and push the two sides in
towards the center, see Figure 16.4, and allow the other sides to fold in.
2. Fold four black elbows. Grab the elbow in the middle and pulling it straight
up until the base of the elbow clears the black pegs sticking out of the frame. Bend
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the elbow down towards the middle of the frame and lay it flat on the white
platform. See Figure 16.5.

Figure 16.5. Elbows Folded.

17

Discussion

After extensive testing, our prototype managed to meet the target values for the majority of our
engineering specs. While this can be viewed as a success, there is still much that can be
improved on for the next wagon prototype. In this section, we will go into the good, the bad, and
the future of our prototype.
17.1

What Worked (Eventually)

Arguably one of the most important concepts that came to fruition on our prototype would be the
tri-star wheel design. The wheel design allowed us to meet the customer requirements of smooth
transitions on and off staircases and easy movement up and down staircases. In order to reach
this level of optimization, our tri-star wheel design had to go through several iterations to
maximize the size of stair the wheels could clear whilst still clearing the step without scraping
itself. The main dimension that had to be changed was the size of the main hub of the tri-star
where the arms holding the individual wheels extruded from. Our original design had too much
material so the central hub of the wheel would scrape on the corner of each step the wheel would
traverse. After three reductions of the amount of material on this central hub, we reached our
final, optimized design.
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Figure 17.1. First and final tri-star designs. The left tri-star is the first design where there was
too much material on the central hub. The right tri-star is the final design where as much material
as possible has been removed to clear stairs’ edges.
Another important system that worked as planned was the stability system. We learned that this
system worked best when the aluminum struts are aligned to be normal to the plane of the inner
frame. This allowed the wheels in our 3D-printed elbows’ slots to roll in each of their respective
slots without issue. Optimizing the free movement of the inner frame on the 3D printed elbows
revealed another issue of the stability system: when not on the stairs, the inner frame, ironically,
will not stay parallel to the ground. To solve this issue, we first drilled two holes in the front of
the inner frame to thread our bungee cord, forming a handle shape. We then 3D printed a piece to
fix to the outer frame. This new piece included a hook on top for the bungee cord handle to hang
on to, keeping the inner frame held up while the wagon is on level ground.

Figure 17.2. Hook and bungee cord handle to support inner frame when stability system
not in use.
Linked to our stability system was the collapsibility system. The folding mechanism of our
elbows allows the wagon to reduce its peak height by about 40%. An issue that we ran into with
the collapsibility system was with the pegs. Our original pegs were printed vertically, making the
interfaces between the layers of each print susceptible to experiencing shear applied from the act
of folding the 3D-printed elbows down. This issue led to several of pegs experiencing shear
fractures throughout testing. We were able to rectify this issue by reprinting the pegs horizontally
so the layer interfaces could no longer experience shear from the act of folding.
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\
Figure 17.3. Two iterations of elbow pegs. The top peg was printed horizontally as opposed to
vertically like the bottom peg. This allowed for the pegs to withstand more shear from the
stability systema and collapsibility function.
A small victory, but one that was quintessential to the success of our prototype was the strength
of the wagon. After fabricating all the components to our wagon and piecing them together, the
wagon was not only able to stand under its own weight, but also under a cargo load of up to 30
pounds. We did realize an error in our manufacturing process during our testing. This error was
in the way we had the front subframe manufactured. The first iteration of the subframe was only
welded on three of the four sides of the aluminum tubing. This was due to a seemingly large gap
that appeared too large to bridge with welds between the fourth edges on the subframe pieces.
The welds were also performed on the outer edge of the tubing. These two factors caused the
first iteration of the subframe to have very shallow welds that were susceptible to shear stress as
the wagon would climb steps. This of course led to a fracture failure at the welds on both sides of
the subframe: one side’s welds cracked while the other side’s welds completely sheared off. To
fix this error, we had the pieces of the subframe chamfered on their edges before welding to
ensure full penetration of the welds through the aluminum tubing. On top of this, we had the
pieces welded on all four sides of the tubing, this time bridging the gaps between the fourth
edges. This led to a much more durable front subframe that could withstand the applied shear
from climbing stairs.
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Figure 17.4. Shorn subframe.
Another small victory can be found in our handle bracket and handle interface. The handle
bracket has gone through several phases due to each design and its successor fracturing in some
fashion. Our original plan to fabricate this piece from a bent piece of aluminum failed due to the
aluminum being too thick to bend without breaking. Our next plan was to design and 3D print a
handle bracket, but this bracket broke due to the PETG filament not being able to withstand the
applied torques while steering the wagon. The next design was then reinforced with aluminum
plates. During user testing, our participants all had difficulties threading the bolt we provided to
attach the handle to the bracket through the bracket and into its matching nut. To rectify this, our
current design was created to utilize a stud and cotter pin to hold the handle in the bracket rather
than a nut and bolt.
Our drivetrain can also be considered a success. In order to program and control our motor, we
utilized a Nucleo, an outsourced Python motor driver code, and a switch configured for forward
and reverse motions inlaid in the handle. The battery pack we designed to hold the power sources
and Nucleo proved to be too thin at its interfaces with the axle mounts, causing the piece to
break. After repairing the fractures, we reinforced the interfaces of the battery pack with 6061
aluminum plates. The motor itself has also proved to be multi-functional. Due to its worm-gear,
the motor cannot spin freely. Therefore, without power, the worm gear motor can prevent our tristar wheels from spinning and act as a pseudo braking system. To ensure the wheels and rear
axle gear would not spin on the axle, we drove screws through both the printed components and
the axle. This allowed us to save time and resources (printing material, time, and money) by
forgoing our original plan to implement a braking system in the tri-star wheels. During our first
round of testing, we noted that the rear axle gear was too large and would get caught on the
corner of each stair we would traverse. After several changes in gear sizes, we changed our
gearing from a 1:1 ratio to about a 3:2 ratio, with the larger gear being our drive gear and the
smaller gear being the rear axle gear.
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17.2

What Didn’t Work/Limitations

While our project was able to meet the majority of our engineering specifications, there are a few
items that still require some optimization to better exceed those specifications. The first on the
list to better our wagon design is a new choice in the frame material. For our prototype, we chose
1/8th inch 6063 aluminum to make up our wagon frame. While the material proved effective for
durability, strength, and meeting our dimension requirements, the thickness of the tubes caused
the wagon itself to be fairly heavy, with the wagon weighing about 37 pounds. While this did not
matter too much for traveling across level surfaces, going up and down the stairs required more
effort than expected. The thickness also led to issues with welding, as mentioned in the previous
section.
Another component that could use further optimization is the tri-star wheel. Our current design is
acceptable, but it is limited to only being able to clear stairs with heights up to 5.25 inches. In
order to increase this height limitation, we require larger diameter individual wheels and larger
tri-stars. Unfortunately, we could only afford testing two types of individual wheels before
running over our budget for these wheels. As for the tri-stars, the limit to their size was due to
the size of the printer bed of the Creality Ender 3 we used to 3D print our components. For a
future prototype we would likely have to outsource the 3D printing of the tri-stars to a facility
with bigger printer beds.
The limitations of the individual wheels in the tri-stars did not stop at the stair height. They were
also limited in their all-terrain capabilities. While they could traverse gravel, dirt, and grass with
little to no issue, they were unable to roll across sand. The individual wheels we used had too
small of a contact patch with the ground, causing them to sink into the sand. For future
prototypes, we will leave more room in the budget to buy a variety of wheel sets. This will allow
us to test the functionality of each type of wheel and choose a design that is optimal for our
purposes.
The wagon handle also requires further optimization. The body ergonomics required to move the
wagon across the stairs (going both up and down) puts the user in an awkward body position.
Our ergonomics test revealed that a large amount of spinal deflection is required to pull and push
the wagon up and down stairs when compared to carrying items up and down stairs using a
traditional basket. We plan on using a longer handle to allow the user to be less bent over in
order to move the wagon across the stairs. The angle of the handle relative to the plane of the
outer frame of the wagon is also critical; it must be close to 180o or else the wagon will “buck”
whilst going down the stairs, causing its load to fall off the cargo platform. This “bucking” is
characterized by the wagon pitching down, away from the user. The angle that the wagon pitches
exceeds the amount of canter the stability system can compensate for, so the load being
transported by the wagon will fall off. This can be prevented by keeping angle between the
wagon handle and the wagon frame itself closer to 180o. However, our current handle is a
straight pipe, so the user must bend down to maintain this angle, contributing to the awkward
amount of spinal deflection previously mentioned. For future prototypes, we plan on adding a
bend in the middle of our handle pipe. This may help to decrease the amount of spinal deflection
required to operate the wagon on the stairs with out “bucking” one’s cargo off. A bend in the
handle may also help with storage, allowing the wagon a more compact silhouette while in its
folded position.
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Conclusion

This report covers the design features, manufacturing plans, testing plans, testing data, testing
data analysis, and a discussion of the testing data and the overall design of the Stair Wagon. The
most important takeaway from this report was that even though our final wagon prototype
accomplished most of our customer requirements and engineering specifications, there are still
many features on the wagon that can still use optimization before we can achieve completely
optimized performance. Fortunately, most of these are only minor adjustments to the current
design of the wagon, such as changing the handle geometry to elongate the handle and add a
bend to it. Some of the changes may require more effort and even a second round of testing due
to the extent of the change, such as with changing the tube material and thickness for the inner
and outer frames of the wagon.
Despite any further modifications the current wagon design may require, the current design does
fulfill our sponsor’s original prompt, designing a device to haul a significant load on flat ground
as well as ascending and descending stairs without compromising the ergonomic advantage of a
wagon. With the implementation of the previously mentioned modifications to further optimize
our wagon, the final design will only accomplish the requirements spelled out by the project
prompt even better than our current design.
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Appendix B: Outer Frame
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Appendix C: Elbows
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Appendix D: Steering System
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Appendix E: Drivetrain Clam Shell
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Clam Shell Bottom

Clam Shell Cap
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Appendix F: Rear Axle
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Appendix H: Star Wheel
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